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Lithium- and manganese-rich NCM (LMR-NCM) cathode active materials exhibit a pronounced energy inefficiency during charge
and discharge that results in a strong heat generation during operation. The implications of such a heat generation are investigated
for large-format lithium-ion batteries. Small laboratory cells are generally considered isothermal, but for larger cell formats this
heat cannot be neglected. Therefore, the heat generation of LMR-NCM/graphite coin cells and NCA/graphite coin cells as a
reference is measured for varying charge/discharge rates in an isothermal heat flow calorimeter and scaled to larger standardized
cell formats. With the aid of thermal 3D models, the temperature evolution within these cell formats under different charge/
discharge operations and cooling conditions is analyzed. Without an additional heat sink and any active cooling of larger LMR-
NCM/graphite cells, discharge C-rates lower than C/2 are advisable to keep the cell temperature below a critical threshold. If the
loads are increased, the cooling strategy has to be adapted to the specific cell format, otherwise critical temperatures above 60 °C
are easily reached. For the investigated convective surface cooling and base plate cooling scenarios, thick prismatic cell formats
with LMR-NCM are generally unfavorable, as the large amount of heat cannot be adequately dissipated.
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State-of-the-art electric vehicles (EVs) rely on lithium-ion
batteries that come in different sizes and chemical compositions.
The driving range and thereby the accompanying customer accep-
tance of EVs is highly dependent on the energy density of the used
battery system. In order to increase the energy density, the latest
trend goes toward larger cell formats and active materials with a
higher specific capacity,1–4 whereas the thermal behavior of these
cells, including the thermal management system that is necessary to
keep an optimal operating range, is often neglected.5
There are three main designs of cell formats, namely cylindric,
prismatic, and pouch. While most automobile manufacturers rely on
either prismatic or pouch cells, Tesla poses an exception and uses
cylindric cells in their EVs.3,4 Their early Tesla Model S in 2012
relied on 18 650 cylindric cells, while the more recent Tesla Model 3
uses advanced 21 700 cells.3,4 Reportedly, Tesla now manufactures
even larger 46 800 cells.6 By changing the cell format from 18 650
to 21 700, the cell volume increases, meaning that more active
material can be packed into the cell, which results in an increased
energy content of around 49% per cell and potentially lower
production costs.7,8 A similar trend can be seen for prismatic and
pouch cell formats used by automobile manufacturers, some of them
are defined in the standard DIN 91252,9 which gives design
specifications for lithium-ion battery cells. Within this standard,
the geometric dimensions of prismatic and pouch cell formats for
hybrid electric vehicles (HEVs), plug-in hybrid electric vehicles
(PHEVs), and battery electric vehicles (BEVs) are defined. As an
example, the prismatic format BEV4 features an increased volume
of 53% in comparison to the older BEV1 format.
Besides larger cell formats, anode active materials (AAMs) and
cathode active materials (CAMs) with higher specific capacities are used
for automotive cells. Almost all automotive cells contain graphite AAMs
with a theoretical specific capacity of 372 mAh g−1. Only a few use
lithium-titanate (LTO), e.g., Honda in its 2013 Fit EV,3,4,10 with only
175 mAh g−1 at a comparably high potential of ≈1.55 V vs Li/Li+.11,12
Pristine silicon offers a theoretical capacity of 4200 mAh g−1 that
is accompanied by high volume changes up to 320%.12 By adding
some silicon to graphite anodes, the specific capacity can be
boosted,13–15 which is why cells with silicon-graphite (Si-C)
composite anodes are reportedly used in more recent EVs like
the Tesla Model X or Model 3.3,4
There is a variety of CAMs for automotive cells, ranging
from layered lithium-nickel-cobalt-manganese-oxide (NCM,
160–200 mAh g−1) and lithium-nickel-cobalt-aluminum-oxide
(NCA, 180–200 mAh g−1) to spinel lithium-manganese-oxide
(LMO, 100–120 mAh g−1) to olivine lithium-iron-phosphate (LFP,
160–165 mAh g−1) or even a blend of two or more of these
materials.3,4,7,10 A CAM that offers a higher specific capacity of
around 250 mAh g−110,16–19 is lithium- and manganese-rich NCM
(LMR-NCM). LMR-NCM is environmentally benign and a low
cost alternative to nickel-rich materials due to a high manganese
content,18,20 but faces structural changes accompanied by voltage
fading as well as a pronounced voltage hysteresis.18–23 The
material LMR-NCM is in the focus of current research and it
was shown that cells containing LMR-NCM can be cycled for
several hundred cycles before they reach a state-of-health of
80%.18,19,24 Thereby, the capacity loss is not only related to
structural changes of LMR-NCM, but also to electrolyte stability
issues, as LMR-NCM is often cycled up to 4.7–4.8 V vs
Li/Li+.18,21,24 Despite the remaining challenges, the high specific
capacity combined with the lower material costs render LMR-
NCM to a promising CAM for future lithium-ion batteries.3,20,25
Meister et al.26 classified the energy efficiency of various CAMs
and AAMs for a 1C charge/discharge cycle. In their study, LMR-
NCM (0.5 Li2MnO3 · 0.5 LiNi0.4Co0.2Mn0.4O2) reached a 85%
round-trip energy efficiency, for comparison, NCM-111 was classi-
fied with 96%, NCA was not studied. Of the investigated AAMs,
graphite reached the highest round-trip energy efficiency with 94%.
The Si-C composite (20 wt% silicon, 60 wt% graphite, 10 wt%
binder, 10 wt% carbon black) with a practical capacity of around
1100 mAh g−1 in the first cycles, reached a lower efficiency of 89%.
The energy inefficiency of the active material LMR-NCM, but also
of the Si-C composite, was mainly caused by a lower voltage
efficiency, which is defined as the ratio of the mean discharge
voltage to the mean charge voltage in a full cycle.26
In our previous publication, multilayer LMR-NCM/graphite and
NCA/graphite pouch cells with a nominal capacity of around 6–7 AhzE-mail: ludwig.kraft@tum.de
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were manufactured on the pilot scale production line at the Technical
University of Munich.27 The C/10 voltage profiles of an LMR-NCM/
graphite pouch cell are displayed in Fig. 1. By adding 1 h open
circuit voltage (OCV) rest periods, the voltage difference between
charge and discharge can be approximately separated into a voltage
drop due to overpotentials during cycling and the LMR-NCM OCV
hysteresis.24 The overpotentials are caused by poor charge transfer
kinetics and/or a slow solid-state diffusion of LMR-NCM, especially
at low states-of-charge (SOC).17,28,29 While there still is a minimal
voltage relaxation after 1 h OCV, an OCV hysteresis remains for
LMR-NCM materials even after resting periods of several days.20,30
In a discharge rate capability test, the LMR-NCM/graphite pouch
cells reached ≈81% round-trip energy efficiency for a 1C discharge,
while the NCA/graphite pouch cells reached ≈92%.24 These values
are in very good agreement with the values stated by Meister et al.26
if NCA is considered to have a similar energy efficiency like NMC-
111. The discharge rate capability tests also revealed a strong
increase in cell temperature for the LMR-NCM/graphite pouch cells
with increasing discharge currents, which can be ascribed to the
energy loss due to overpotentials and the LMR-NCM OCV hyster-
esis. The gray shaded area in Fig. 1 indicates the approximate share
of the OCV hysteresis of LMR-NCM, which is presumably current-
independent, and the electrical work that is lost due to such a voltage
hysteresis is most likely dissipated as waste heat.20,24 So with rising
C-rates, the share of the irreversible heat due to overpotentials likely
dominates the total heat generation. In Table I, the round-trip energy
efficiencies and maximum surface temperatures for the two pouch
cell types are stated (taken from Ref. 24). For a C/10 discharge, both
cell types kept approximately the same temperature, but for a 3C
discharge, the LMR-NCM/graphite pouch cells reached surface
temperatures of 53 °C, while the NCA/graphite pouch cells only
reached 33 °C. In smaller laboratory-scale cell formats, the
generated heat poses no further problems, but when it comes to
larger cell formats, the thermal behavior of cells containing LMR-
NCM cannot be neglected.
The temperature has a high impact on the performance of
lithium-ion cells, and with the aid of thermal models, various
cooling strategies can be analyzed and optimized. There are thermal
models of the cell itself, which are often coupled with electro-
chemical models,31–39 but also thermal models that describe the
whole battery pack including the corresponding cooling system.40–43
In the coupled models, the heat generation is usually computed
based on the electrochemical model, i.e., the irreversible losses
described by currents and overpotentials plus the reversible heat.
However, especially the electrochemical models of lithium-ion cells
are based on an extensive parameter set consisting of more than 30
parameters.32,33,37 Not all of these parameters can be experimentally
determined and are either taken from literature or have to be
assumed.
In this work, the thermal behavior of LMR-NCM/graphite cells is
investigated and compared to NCA/graphite cells and the conse-
quences for operating strategies and thermal management systems
are derived. The focus is on the total heat generation and not on a
characterization of the different heat sources. To quantify the heat
generation for different charge and discharge rates, isothermal
calorimetric measurements were performed on laboratory coin cells
for the cell systems LMR-NCM/graphite and NCA/graphite. The
determined heat generation was scaled to various cell formats and
used as an input parameter for a homogenized 3D thermal model to
qualitatively assess the thermal behavior. Simulation studies ana-
lyzed the implications of the heat generation on the temperature
development especially in large-format batteries and the resulting
requirements for their thermal management system. Particularly, the
interplay between the cell size, the applied load, and the thermal
boundary conditions of the cooling system was evaluated and design
criteria for cells containing LMR-NCM were derived.
Experimental
Electrode specifications.—The LMR-NCM cathodes have a stoi-
chiometry of 0.33 Li2MnO3 · 0.67 LiNi0.38Co0.21Mn0.41O2 (BASF,
Germany), which can also be written as Li1.14[Ni0.26Co0.14Mn0.60]0.86O2,
and the NCA cathodes have a stoichiometry of LiNi0.81Co0.15Al0.04O2
(BASF, Germany). The cathode coatings were prepared by
mixing 92.5 wt% CAM (LMR-NCM or NCA), 4 wt% conductive
carbon (Super-C65, Timcal, Switzerland), and 3.5 wt% polyviny-
lidene-fluoride binder (PVdF, Solef 5130, Solvay, Belgium) with
N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, Sigma-Aldrich,
Germany) at a solid content of 57 wt% and 62 wt% for LMR-NCM
and NCA, respectively. The mixing was performed in several steps
using a planetary orbital mixer (Thinky, USA). The final slurry
was cast onto one side of a 15 μm aluminum foil (MTI, USA)
using a 200 μm four-edge blade. The CAM loading was set to
11.5 mg cm−2 (≡2.9 mAh cm−2 at C/10, based on a nominal
capacity of 250 mAh gCAM
1- ) and 12.5 mg cm−2 (≡2.5 mAh cm−2
at C/10, based on a nominal capacity of 200 mAh gCAM
1- ) for the
LMR-NCM and NCA electrode sheets, respectively. The coated
cathode foils were dried overnight in a convection oven at 50 °C
and afterwards compressed in a calender (GK 300-L, Saueressig,
Germany) to a porosity of 42%, resulting in coating thicknesses of
≈54 μm (LMR-NCM) and ≈56 μm (NCA).
The corresponding anode coatings were prepared by mixing
95 wt% graphite (SGL Carbon, Germany) and 5 wt% PVdF binder
(Solef 5130, Solvay, Belgium) with NMP (anhydrous, 99.5%,
Figure 1. C/10 voltage profiles with and without 1 h OCV rest periods of an
LMR-NCM/graphite pouch cell that was cycled in a voltage window of
2.0–4.6 V at an ambient temperature of 25 °C. Figure derived from Ref. 24.
Table I. Round-trip energy efficiencies of multilayer LMR-NCM/
graphite and NCA/graphite pouch cells with a nominal capacity of
6–7 Ah during a discharge rate capability test at an ambient
temperature of 25 °C.24 The temperatures were measured on the
surface of the pouch cells within cell holders and the stated maximum
surface temperatures Tmax,surf were reached during the discharge.
DCH
LMR-NCM/graphite NCA/graphite
C-rate EE Tmax,surf EE Tmax,surf
C/10 88% 27 °C 98% 27 °C
1C 81% 36 °C 92% 28 °C
3C 70% 53 °C 85% 33 °C
Note. DCH—discharge, EE—round-trip energy efficiency.
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Sigma-Aldrich, Germany) at a solid content of 54 wt% and 52 wt%
for the respective LMR-NCM and NCA electrodes. As before, this
was performed in several steps in a planetary orbital mixer (Thinky,
USA). The final slurry was cast onto one side of a 12 μm copper foil
(Gelonlib, China) using a 200 μm four-edge blade. The graphite
electrode loadings were set to 10.3 mg cm−2 (≡3.7 mAh cm−2 at C/
10, based on a nominal capacity of 355 mAh ggraphite
1- ) for LMR-
NCM and 9.4 mg cm−2 (≡3.3 mAh cm−2 at C/10, based on a
nominal capacity of 355 mAh ggraphite
1- ) for NCA based coin cells.
The coated anode foils were dried overnight in a convection oven at
50 °C and afterwards compressed in a calender (GK 300-L,
Saueressig, Germany) to a porosity of 30%, resulting in anode
coating thicknesses of ≈69 μm (for LMR-NCM) and ≈63 μm (for
NCA). The resulting areal capacity ratios of negative/positive
electrode (N/P ratio) were around 1.3 for both cell setups.
Coin cell preparation.—The cathode coins were punched out of
the electrode sheets with a diameter of 14 mm, and the anode coins
with a diameter of 15 mm. The coin cells in the 2032 format were
assembled in an argon filled glove box (M. Braun Inertgas-Systeme,
Germany) with H O 0.1 ppm2 < and O 0.1 ppm2 < . Each cell was
filled with 80 μl of electrolyte. The LMR-NCM/graphite cells were
filled with a 1 M solution of LiPF6 in 12 vol% FEC, 64 vol% DEC,
24 vol% co-solvent, and 2 wt% of a proprietary additive (BASF,
Germany), while the NCA/graphite cells were filled with a 1 M
solution of LiPF6 in a 3:7 (by weight) mixture of EC:DEC and
2 wt% vinylene carbonate (VC, BASF, Germany). A glass fiber
separator (Type 691, VWR, USA) with 17 mm diameter and two
1 mm spacers were used. The specifications of the four coin cells
(2x LMR-NCM/graphite and 2x NCA/graphite) used for the calori-
metric measurements are listed in Table II. The nominal cell capacities
were calculated based on the amount of CAM with reversible
capacities of 250 mAh g−1 (LMR-NCM) and 200 mAh g−1 (NCA).
All later used C-rates in the measurements are referenced to the stated
capacities for each cell.
After cell assembly, a formation procedure including one C/15
charge/discharge cycle and two C/10 charge/discharge cycles was
carried out with a Maccor cycler (series 4000, USA) in a thermo-
static chamber (Binder, Germany) at 25 °C. In the first formation
cycle, the LMR-NCM/graphite cells were charged to 4.7 V in order
to activate the LMR-NCM.17 The following cycles were carried out
in the voltage window 2.0–4.6 V. The NCA/graphite cells were
cycled in the voltage window 3.0–4.3 V.
Calorimetric measurements.—After formation, the coin cells
were transferred to an isothermal heat flow calorimeter setup (TAM
IV, TA Instruments, USA), consisting of a thermostat (stability
±50 μK) equipped with a 20 ml microcalorimeter (accuracy
±300 nW, precision ±100 nW) and a custom-made coin cell holder.
Over the duration of the experiment, the baseline drift was less than
500 nW. The step response of the heat flow resulted in a delay time
of 750 s until 95% of the heat flow signal were detected. All
measurements were performed in isothermal mode at 25 °C after
internal gain calibration. The cells were connected over Cu-P bronze
DuoTwist wires (36 AWG, Lakeshore, USA) to a multi-channel
potentiostat (VSP, BioLogic, France).
Detailed measurement procedures including the formation are
listed in Table III. After installing the coin cells into the calorimeter,
a first C/10 stabilization cycle was carried out to ensure a proper cell
and calorimeter functionality. The subsequent cycles were conducted
to precisely measure the heat generation during different constant
current (CC) charge and discharge operations, namely C/10, C/2, 1C,
2C, and 3C. Before each CC charge or discharge cycle, a pause of
4 h was added to allow a relaxation of the heat in the calorimeter.
After each CC charge/discharge, a pause of 30 min was added to
Table II. Specifications of the LMR-NCM/graphite and NCA/gra-
phite coin cells. The nominal cell capacities were calculated with
reversible capacities of 250 mAh g−1 for LMR-NCM and
200 mAh g−1 for NCA.
Type Cell CAM mass Nominal cell capacity
LMR-NCM/graphite L1 17.834 mg 4.459 mAh
L2 17.603 mg 4.401 mAh
NCA/graphite N1 19.518 mg 3.904 mAh
N2 19.795 mg 3.959 mAh
Note. CAM—cathode active material.
Table III. Measurement procedures applied to the LMR-NCM/graphite and NCA/graphite coin cells. After the first three formation cycles, the cells
were cycled in the calorimeter.
Procedure Parameters Stop condition
C/15 formation cycle CC charge @ C/15 U Umax *
CC discharge @ C/15 U Umin
C/10 formation cycle (2x) CC charge @ C/10 U Umax
CC discharge @ C/10 U Umin
C/10 stabilization cycle CC charge @ C/10 U Umax
CC discharge @ C/10 U Umin
Pause t 4 h
C/10 cycle CC charge @ C/10 U Umax
Pause t 4 h
CC discharge @ C/10 U Umin
Pause t 4 h
Cycle test CC charge @ Icharge** U Umax
Pause t 30 min
CC charge @ C/10 U Umax
Pause t 4 h
CC discharge @ Idischarge** U Umin
Pause t 30 min
CC discharge @ C/10 U Umin
Pause t 4 h
Note. The C-rates refer to the nominal cell capacities listed in Table II. CC—constant current, CV—constant voltage. LMR-NCM:
U U4.6 V, 2.0 Vmax min= = . NCA: U U4.3 V, 3.0 Vmax min= = . * In their first C/15 formation cycle, the LMR-NCM/graphite cells were charged to
4.7 V to activate the CAM. ** Icharge = Idischarge = [C/2, 1C, 2C, 3C].
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measure the inert heat that was generated. Thereafter, the cells were
either fully charged or discharged with a C/10 CC procedure to
ensure consistent starting conditions: The cells were charged with a
C/10 CC to a SOC of 100% before a discharge procedure and were
discharged with a C/10 CC to a SOC of 0% before a charge
procedure.
Cell formats.—Cell formats of lithium-ion cells are categorized
into cylindric, prismatic, and pouch. Based on double-sided anodes
and cathodes with separators in between, the electrode stack or jelly
roll is adapted to the desired cell format. Pouch cells use stacked
electrodes, cylindrical cells wound electrodes, and prismatic cells
either flat wound or stacked electrodes.44–46 A schematic overview is
illustrated in Fig. 2, together with the stated electrode thicknesses of
the coin cells, assuming double-sided electrodes and a 25 μm
separator.
Via the thickness of the electrode stack, the total electrode area of
any desired cell format can be calculated. A multiplication of the
total electrode area with the areal capacity yields the nominal
capacity CN of the cell. By further multiplying CN with the mean
discharge voltage, the nominal energy EN of the cell can be
calculated. In this work, the geometric dimensions of the pouch
and prismatic cells were taken from the standard DIN 91252.9 In this
standard, the thickness of the pouch cell formats is not specified,
however, in the corresponding pre-standard a maximum thickness of
13 mm was defined. For our calculations, the HEV and PHEV pouch
cells were assumed with a thickness of 10 mm, while the BEV pouch
cells were assumed with a thickness of 13 mm. In addition to the
standardized prismatic and pouch cell formats, the cylindric cell
formats 18 650, 21 700, and 26 650 were investigated, as shown in
Table IV.
The calculation of the nominal capacity and energy content of the
listed cell formats is based on the electrodes of the coin cells
described above, only double-sided, and a 25 μm separator.
According to Fig. 2, the electrode stack consists of one double-
sided anode, one double-sided cathode, and two separators. The
LMR-NCM/graphite electrode stack has a total thickness of 323 μm,
an areal capacity of 2.9 mAh cm−2, and a mean discharge voltage of
3.5 V for a C/10 discharge. The NCA/graphite electrode stack has a
total thickness of 315 μm, an areal capacity of 2.5 mAh cm−2, and a
mean discharge voltage of 3.7 V. The cells were not optimized
toward a high energy density, in fact, they served as a CAM
characterization in comparable cell designs. The resulting surface to
volume (S/V) ratio of each cell format was calculated with the outer
surface of the cell case and the effective volume of the jelly roll/
electrode stack and not the total inner volume of each cell case.
For the calculation of the larger pouch cell formats as stated
in the standard DIN 91252,9 a pouch foil thickness of 153 μm
(D-EL408PH-3, DNP, Japan) was used, and tabs as well as empty
spaces between the foil and the electrode stack were neglected. The
geometric dimensions are given in Fig. 3a. The thickness of the hard
case of the prismatic cells was assumed to be 0.7 mm.31 The highest
utilization of the hard case volume can be achieved by stacking the
electrodes. However, stacking includes more processing steps and
time compared to flat winding and errors are more likely.45,46 In our
calculations, a flat wound jelly roll with an axial orientation in the
y-direction of the prismatic cell formats was presumed. The spaces
between the hard case and the jelly roll are displayed in Fig. 3b.
According to the study of Quinn et al.,8 the can of cylindric cells has
a thickness of 0.2 mm and contains a 5 mm head space for contacting
and safety devices. For the 3D thermal model, the 5 mm were
divided into a 1 mm bottom and 4 mm top head space, as seen in
Fig. 3c. The 1 mm inner void of the jelly roll originates from the
winding process. Possible separator overlaps and anode overhang
areas, as well as single-sided anodes at the beginning and end of
each stack or jelly roll were neglected in the calculations.
Modeling
According to the description of the different cell formats in the
experimental section, the geometric dimensions of the cell cases
including the electrode stack/jelly roll were integrated in a 3D
thermal model, which uses the scaled heat generation of the
calorimetry measurements as an input parameter. The 3D thermal
model was implemented in the commercial FEM solver COMSOL
Multiphysics 5.4. To reduce computational complexity, the jelly roll/
Figure 2. Schematic electrode stack consisting of double-sided anodes and cathodes with separators in between. Stacking the layers is used for pouch cells,
winding for cylindric cells, and flat winding or stacking for prismatic cells. The stated coating thicknesses represent the coating thickness per side of double-sided
electrodes.
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electrode stack was homogenized with an anisotropic thermal
conductivity perpendicular and parallel to the layers. Therefore,
each thermal model consists of two different domains, the jelly roll/
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The 3D thermal models with the homogenized jelly roll/electrode
stack had in between 135 000-280000 degrees of freedom (DOF)
Table IV. Geometric dimensions of the investigated cell formats including their scaled nominal capacity and energy content. For the calculations,
the areal capacity and mean discharge voltage for a C/10 discharge of the LMR-NCM/graphite and NCA/graphite coin cells were used. The surface
to volume (S/V) ratio was calculated based on the effective volume of the jelly roll/electrode stack and not the total inner volume.
x y z S/V ratio
LMR-NCM/graphite NCA/graphite
Cell format in mm in mm in mm in m−1 CN in Ah EN in Wh CN in Ah EN in Wh
Pouch HEV 161 141 10 2.3 39 138 35 128
PHEV1 164.2 226 10 2.3 64 225 56 209
PHEV2 164 232 10 2.3 66 231 58 214
BEV1 99.7 301.5 13 1.9 68 237 60 222
BEV2 329.2 161.4 13 1.8 120 420 106 392
Prismatic HEV1 85 120 12.5 2.6 15 53 14 50
HEV2 80.5 120 12.1 2.7 14 48 12 45
PHEV1 85 173 21 1.6 41 144 37 135
PHEV2 91 148 26.5 1.3 48 169 43 158
BEV1 115 173 32 1.1 90 315 79 293
BEV2 115 173 45 0.8 127 445 113 416
BEV3 125 173 32 1.0 98 345 87 321
BEV4 125 173 45 0.8 139 487 123 455
d h S/V ratio LMR-NCM/graphite NCA/graphite
in mm in mm in m−1 CN in Ah EN in Ah CN in Ah EN in Wh
Cylindric 18 650 18 65 2.9 2.6 9.1 2.3 8.5
21 700 21 70 2.5 3.9 13.5 3.4 12.6
26 650 26 65 2.1 5.5 19.3 4.9 18.0
Note. LMR-NCM/graphite: 2.9 mAh cm−2, 3.5 V @ C/10 discharge. NCA/graphite: 2.5 mAh cm−2, 3.7 V @ C/10 discharge.
Figure 3. Geometric dimensions of the (a) pouch, (b) prismatic, and (c) cylindric cell formats including the assumed head spaces and inner voids of the jelly
rolls as well as the respective case thicknesses.
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depending on the cell format and the boundary conditions (as
specified below) and were able to solve within a few minutes on a
desktop computer.
Thermal model parameters.—For the cylindric cells, as well as
the wound part at the top and bottom of the jelly roll of the prismatic
cells, a cylindric coordinate system was used. The corresponding values
for the parameterization of the thermal model are stated in Table V. The
density, the heat capacity, and the thermal conductivities of the jelly
roll/electrode stack were calculated in the Appendix based on the values
in Table A·I. These parameters can be calculated with the material
properties and thicknesses of the current collectors, composite elec-
trodes, separator, and electrolyte.14,31,47 However, it is difficult to get
proper measurement values especially for the porous electrodes with
varying compositions and active materials, which are soaked with
electrolyte. In the literature, reported values of electrode densities ρ are
within the range 920–1040 kg m−3, and values of specific heat
capacities cp within the range 2560–2781 J kg
−1 K−1.14,37,48,49
Reported values of the thermal through-plane conductivity k̂ of
electrode stacks are within the range 0.9–1.1Wm−1 K−1 and of the
thermal in-plane conductivity k within 24.6–33.9Wm
−1 K−1.31,37,39,47
Steinhardt et al.50 investigated the thermal conductivity of the
jelly roll/electrode stack based on different material combinations
and calculated median values of k 0.878 W m K1 1=^ - - and
k 26.5 W m K1 1 = - - . The reported literature values are in good
agreement with our calculations. A constant anisotropic thermal
conductivity of the electrode stack (k 0.83 W m K1 1=^ - - ,
k 27.3 W m K1 1 = - - ) was used for our modeling purposes, but a
variable, temperature-dependent conductivity may be implemented in
future work, especially if high temperature changes are expected.
The volumetric heat generation q is a function of the cell SOC
and was measured for varying charge/discharge currents using
isothermal calorimetry as described in the experimental section.
The measured heat generation was related to the cathode area of the
coin cells (1.54 cm2), scaled to the total cathode area of each cell
format, and finally ascribed to the domain of the homogenized jelly
roll/electrode stack in the model.
Pouch foils usually consist of an aluminum foil that is laminated
with diverse plastics on both sides. As an example, the 153 μm thick
pouch foil D-EL408PH-3 (DNP, Japan) uses layers of polyethylene
terephthalate (PET), polyamide (PA), and polypropylene (PP)
around an inner aluminum foil. Accurate layer thicknesses of the
different materials are not known, so a uniform heat capacity and an
isotropic thermal conductivity of the pouch foil were estimated as a
compound between the thermal characteristics of the plastics and the
aluminum. The density of the pouch foil was determined by the areal
weight and the thickness as stated in the data sheet. In the 3D model
of the pouch cell, all boundary areas of the inner electrode stack
were enclosed with the pouch foil.
For the hard case of a prismatic cell, an aluminum alloy is often
used to ensure mechanical stability without adding too much
weight.37,52 For the model parameters of the prismatic case, the
thermal characteristics of the aluminum alloy 2024 with a thickness
of 0.7 mm were chosen.31 The flat wound jelly roll is only in contact
with the case on its two large lateral faces, as shown in Fig. 3b. The
empty head spaces of prismatic cells are filled with argon, which
possesses a low thermal conductivity (0.0178 W m−1 K−1) and a low
heat capacity (0.844 kJ m−3 K−1).52 For modeling simplicity, all
remaining boundaries of the jelly roll were thermally insulated and a
heat transfer with the case was deactivated.
Cylindric cell cans are typically made of steel with a thickness of
0.17–0.25 mm.53,54 The thermal parameters in Table V are specified
for the stainless steel AISI-30431 with a thickness of 0.2 mm.8 In the
model, the wound jelly roll is in contact with the can on its lateral
face. As stated in the description of the cell formats in the
experimental section, gaps were implemented between the top and
bottom area of the jelly roll and the can, see Fig. 3c, which prohibit a
heat transfer on these boundaries.
Boundary conditions.—The boundary conditions of thermal
models depend on the use of the cells in a certain application including
its thermal management system. This can imply that a single cell is
directly mounted in an application with no cooling system at all, e.g., in
mobile phones, tablets, or laptops. Reportedly, the early Nissan Leaf
models faced problems during charging operations as the heat of the
battery system was only passively dissipated.55,56 The charging and
discharging performance is limited with a passive system, especially for
warmer ambient temperatures, which is why most EVs rely on a liquid
or refrigerant cooling system for their battery pack.56 Tesla uses cooling
tubes around their cylindrical cells with a thermally conductive,
electrically insulative material in between.57 Other car manufacturers
use pouch or prismatic cells with a base plate cooling.58–60
In our first simulation study, a convective heat transfer between
the entire surface area of the cell case and a constant ambient
temperature T¥ was modeled. The temperature Tsurf describes the
temperature on the surface of the cell case, i.e., the surface of the can
of a cylindric cell, the hard case of a prismatic cell, or the pouch foil
of a pouch cell. The convective heat flux qconv in W m
−2 was
modeled with the following equation and h as the heat transfer
coefficient in W m−2 K−1.
q h T T 4conv surf( ) [ ]= - ¥
Feng et al.61 classified the heat transfer coefficients according to different
cooling scenarios. In their work, natural convection in air is listed with a
heat transfer coefficient of 5–25Wm−2 K−1 and forced convection in air
with 15–250Wm−2 K−1. A better heat transfer up to 1000Wm−2 K−1
can be achieved with a liquid coolant directly surrounding the cell, which
is rather difficult to implement in most applications.5,61
In our second simulation study, a base plate cooling scenario for
prismatic cells was investigated. Thereby, the base plate of the
prismatic cell is in direct contact with a cooled cooling plate.60 A
constant temperature of the cooling plate of 20 °C was assumed, and
the starting temperature of the cell was also set to 20 °C to start with
a uniform temperature of the whole system. In the model, the
boundary condition for the bottom of the case was therefore set to a
constant temperature of 20 °C:
T const20 C . 5surf,bottom [ ]=  =
All other boundaries were thermally insulated, derived by the
neighboring cells in a module on both sides and the electrical
connection on the top.
Table V. Thermal modeling parameters of the homogenized jelly roll/electrode stack and the different cell cases. The parameters of the jelly roll/
electrode stack are based on material properties described in the Appendix in Table A·I.
Parameter Unit Jelly roll Pouch foil Case prism. Case cyl.
Heat capacity cp J kg
−1 K−1 1049 1400 875 477
Density ρ kg m−3 2427 1441m 2770 7900
Thermal conductivity through-plane k̂ Wm−1 K−1 0.83 0.33 170 14.6
Thermal conductivity in-plane k Wm
−1 K−1 27.3 0.33 170 14.6
Note. m—measured, remaining values were taken from Ref. 31, 51.
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Model validation.—The volumetric heat generation q is a key
input parameter of thermal models. In order to verify if a scaling of
the heat generation measured in coin cells to larger cell formats is
plausible, the thermal model needs to be validated with measurement
data. Therefore, the temperature evolution of one LMR-NCM/
graphite and one NCA/graphite pouch cell measured in discharge
rate capability tests in our previous work was used for comparison.24
During this test, the pouch cells were mounted in cell holders and the
temperature was measured with a negative temperature coefficient
(NTC) temperature sensor on the surface of the pouch cells with a
precision of ±1 K (compare Fig. 1 in Ref. 24). The LMR-NCM/
graphite pouch cell had a nominal capacity of 6.8 Ah (27.3 g CAM),
and the NCA/graphite pouch cell 6.3 Ah (31.7 g CAM), to which the
C-rates in the discharge rate capability test were referred to. As the
exact CAM mass was known for these cells, the heat generation for
the thermal validation model was scaled via the CAM mass and not
via the electrode area.
In the thermal validation model, the cell holder was represented
by two aluminum blocks with thicknesses of 20 mm and 15 mm,
which were placed on the bottom and top of the pouch cell,
respectively, as seen in Fig. 4. The stated thickness of the pouch
cell of 5.4 mm represents a mean value; in the thermal model, the
thicknesses of the pouch cells were set to 5.5 mm (LMR-NCM/
graphite) and 5.3 mm (NCA/graphite). The width and the depth
of the two blocks were set to 73 mm and 101 mm, which are the
dimensions of the area of one cathode layer. For simplicity,
anode and separator overhang areas as well as the pouch foil and
cellulose sheets between pouch cell and cell holder were neglected in
the validation model. The original cell holder (see Fig. 1 in Ref. 24)
contained a polyoxymethylene (POM) frame around the aluminum
blocks, which was in no direct contact with the cell and therefore left
out. The thermal model parameters of the aluminum blocks were set
to the ones of the prismatic aluminum case described in Table V. For
each simulation, the starting temperatures of the pouch cells as well
as the adjacent blocks were set to the starting temperature of the
corresponding measurement. On the exterior surfaces of the alu-
minum blocks and the open side surface areas of the pouch cell, a
convective heat transfer coefficient of 5 W m−2 K−1 was imple-
mented, representing a natural convection without an active cooling.
The ambient temperature was set to 25 °C as the pouch cells were
cycled in a controlled climate chamber at 25 °C. For detailed
information about the pouch cell measurement procedures during
this test as well as the cell holder, the reader is referred to the
previous publication.24
Results and Discussion
This section is divided into the following parts: a presentation of
the measured heat generation of the coin cells, and a validation of the
thermal model with a scaled heat generation to the measured
temperature of the pouch cells. Then, the results of two simulation
studies, which were carried out for different standardized cell
formats, are presented. The studies included one simulation with a
Figure 4. Schematic dimensions of the thermal validation model, repre-
senting the pouch cell within two aluminum blocks. The modeled thicknesses
of the pouch cell were set to 5.5 mm (LMR-NCM/graphite) and 5.3 mm
(NCA/graphite). The ambient temperature was set to 25 °C, and the
convective heat transfer coefficient on the exterior surfaces to 5 W m−2 K−1.
Table VI. Specific charge and discharge capacities and heat generation of one LMR-NCM/graphite (L1) and one NCA/graphite (N1) coin cell
during the CC phases (QCC) and the 30 min pauses (Qpause) afterwards. Qtotal is the sum of QCC and Qpause. ΔSOC was referred to the listed C/10
charge capacity of each cell type. The specific capacities and the heat are related to the CAM mass of the respective coin cell.
Capacity in QCC in Qpause in Qtotal in
Type C-rate mAh gCAM





LMR-NCM/ C/10 231.7 100% 26.4 2.6 29.0 91%
graphite C/2 212.9 91.9% 42.9 6.8 49.7 86%
1C 199.5 86.1% 59.2 14.4 73.6 80%
2C 186.0 80.3% 72.1 35.3 107.4 67%
3C 168.2 72.6% 62.8 62.5 125.3 50%
NCA/ C/10 182.9 100% 10.0 0.4 10.4 96%
graphite C/2 175.5 96.0% 18.7 2.1 20.8 90%
1C 165.4 90.4% 25.9 6.1 32.0 81%
2C 148.9 81.4% 33.3 17.1 50.4 66%
3C 131.0 71.6% 30.8 31.4 62.2 50%
Discharge
LMR-NCM/ C/10 229.6 99.1% 45.4 3.7 49.1 92%
graphite C/2 214.5 92.6% 63.5 16.2 79.7 80%
1C 193.5 83.5% 66.2 30.7 96.9 68%
2C 164.1 70.8% 63.3 53.3 116.6 54%
3C 124.2 53.6% 39.0 77.5 116.5 33%
NCA/ C/10 181.3 99.1% 3.1 0.8 3.9 79%
graphite C/2 174.1 95.2% 11.9 2.9 14.8 80%
1C 166.7 91.1% 20.7 6.8 27.5 75%
2C 138.6 75.8% 26.5 17.5 44.0 60%
3C 106.1 58.0% 20.1 28.2 48.3 42%
Note. CC—constant current, SOC—state of charge. CAM mass: 17.834 mg LMR-NCM, 19.518 mg NCA.
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convective surface cooling and one with a base plate cooling of
prismatic cells.
Heat generation.—The heat generation of the LMR-NCM/
graphite and NCA/graphite coin cells was measured for different
charge and discharge C-rates using isothermal calorimetry. To verify
the reproducibility of the measurements, two cells of each chemistry
were measured, the comparison is displayed in Fig. A·1 in the
Appendix.
In the following, the measurement results of one cell of each
chemistry were further analyzed. The charge and discharge capa-
cities and the accumulated heat in each cycle are listed in Table VI,
the normalized heat generation is displayed in Fig. 5. In Table VI,
the ΔSOC values are referenced to the charge capacity in the C/10
cycle of each cell. This gives an overview of the capacity throughput
in each cycle, which strongly affects the energy that is released as
waste heat. The integrated heat was split into the heat during the CC
procedure (QCC), and the heat that was measured in the 30 min pause
(Qpause) after the current was switched off. For low currents, most of
the total heat (Qtotal) was accumulated in the CC phase, indicated by
the ratio QCC/Qtotal in the last column of Table VI. With increasing
currents, a larger part of this heat was shifted into the pause owing to
the time-delayed measurement in the calorimeter. As an example,
the C/10 discharges lasted for over 9 h while the 3C discharges only
lasted for about 10 min. In Fig. 5, the heat generation is displayed
during the CC phases and the 30 min pauses afterwards. The vertical
gray lines mark the time when the current in the CC phase was
switched off. For most charging operations, the maximum heat
generation was located slightly after the end of the CC phase. For the
discharge operations, the maximum shifted further to the right with
rising C-rates, caused by higher gradients of the heat generation
curves at the end of discharge. These time-dependent heat generation
profiles from Fig. 5 were used as a model input for the simulations,
which were then carried out for each operation until the end of the
pause in order to ensure that the maximum cell temperature is
captured.
The total heat generation can be split into an irreversible and a
reversible part, in which the reversible heat (entropy) is described by
the temperature dependence of the open circuit voltage.62–64 For low
charge/discharge currents, the irreversible heat caused by joule
Figure 5. Heat generation of the LMR-NCM/graphite coin cell (L1) and the NCA/graphite coin cell (N1) for varying charge and discharge C-rates including the
30 min pause afterwards. The heat generation was normalized to the respective charged/discharged capacity in each cycle, and the x-axis was normalized to the
charging/discharging time. The begin of charge (BOC) represents a SOC of 0%, the begin of discharge (BOD) represents a SOC of 100%, and the respective end
of charge (EOC) and end of discharge (EOD) mark the time when the current in the CC phase was switched off.
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heating and reaction overpotentials is likewise low and the con-
tribution of the reversible heat to the total heat is more significant.64
This can be seen in Figs. 5a and 5b, where the entropy of the
graphite anode is evident. During lithiation of graphite, which is the
case in charging operations of full cells, the entropy changes from a
positive to a negative sign,14,65–67 leading to a cooling down of the
cell at the very beginning, e.g., clearly visible for the C/10 charge of
the NCA/graphite cell in Fig. 5a. In comparison to the entropy
change of graphite anodes, the entropy difference of NCM and NCA
cathodes is less pronounced.14,68,69 In our heat flow measurements of
full cells, the features caused by an entropy change during the C/10
charge/discharge operations are similar for both cell chemistries.
With rising currents, the irreversible heat dominates the heat
evolution and the entropy features become less distinct.
The NCA/graphite cells released more heat during charging
operations than discharging operations, as shown in Table VI.
Manikandan et al.64 investigated 18 650 NCA/graphite cells and
showed that during discharge operations, the sum of the reversible
heat is negative and thereby the total heat generation is lowered.
However, the LMR-NCM/graphite cells showed quite the opposite
behavior releasing more heat during discharge operations, as seen in
Table VI. Poor charge transfer kinetics and/or a slow solid-state
diffusion together with the OCV hysteresis of LMR-NCM cause the
pronounced heat generation that is more dominant during discharge
operations.17,28,29 An additional SOC dependent resistance of LMR-
NCM causes the strong temperature increase at the end of the
discharges.17 As the LMR-NCM OCV hysteresis is presumably
current-independent, the increasing irreversible energy loss for rising
C-rates is dominated by overpotentials. Figure 5 revealed, that for
the same charge or discharge C-rate, the LMR-NCM/graphite cells
released much more heat than the NCA/graphite cells, which is
clearly caused by the LMR-NCM cathode material, as both cell
types contained comparable graphite anodes.
Simulation studies.—The heat generation in the previous Section
was determined with coin cells with a nominal capacity of 4.5 mAh
(LMR-NCM/graphite) and 3.9 mAh (NCA/graphite), which was
scaled to the reference pouch cells with 6.8 Ah (LMR-NCM/
graphite) and 6.3 Ah (NCA/graphite) via the CAM mass of the cells
and used as an input parameter for the thermal validation model. In
this case, a scaling via the CAM mass was more reliable than a
scaling via the electrode area, as the total CAM mass of the pouch
cells was known, and the electrode thicknesses of the pouch cells
were slightly different.
The comparison of the measured surface temperatures during the
discharge rate capability test and the simulated surface temperatures
of the pouch cells is displayed in Fig. 6. The measured temperatures
were plotted until the end of discharge, as the discharge was
immediately followed by a charging procedure. During these
measurements, the maximum temperature occurred directly at the
end of discharge without a time delay. The simulations used the heat
generation displayed in Fig. 5 including the pauses, which is why the
simulated temperatures were not plotted until the end of the pause
but until the maximum surface temperature was reached in each
cycle. The time when the current was switched off in the simulations
is marked with a cross in Fig. 6. As the heat measurements in
the calorimeter exhibited a time delay, especially affecting higher
C-rates, the maximum temperatures of the simulations appeared in
the pause after the current was switched off.
For low currents, the simulation results of the LMR-NCM/
graphite cells are in good agreement with the measured surface
temperatures of the pouch cells. With increasing discharge C-rates,
the deviation Tdev,max∣ ∣D also increases. Up to and including the 1C
discharge, the absolute deviations remain below 2 K, which is
acceptable for our simulation purposes considering that the precision
of the temperature sensor used in the pouch cell measurements was
±1 K. However, at the end of the 2C discharge, the deviation is
6.2 K, and for a 3C discharge the deviation doubles to 12.7 K. While
the heat generation measurements of the coin cells in the calorimeter
were performed under isothermal conditions at 25 °C and then scaled
up, the temperature of the pouch cells increased during operation. In
general, lithium-ion batteries are very temperature-sensitive, with a
higher operating temperature, the transport and kinetics enhance, the
internal cell resistance decreases and more capacity can be dis-
charged from the cell.70–72 For a 1C discharge, the LMR-NCM/
graphite coin cells delivered around 84% of their C/10 capacity, 71%
for a 2C discharge, and only 54% for a 3C discharge. In comparison,
during the rate capability test, the 6.8 Ah LMR-NCM/graphite pouch
cells delivered around 93% for a 1C discharge, 88% for a 2C
discharge, and 77% for a 3C discharge.24 The longer the cells can
sustain a certain C-rate, more capacity can be discharged from the
cell and more heat will be released during this process, resulting in
higher cell temperatures. Up to a discharge C-rate of 1C, the
homogenized thermal model can adequately represent the behavior
of the modeled LMR-NCM/graphite pouch cells. For this reason, the
subsequent simulation studies with varying cooling conditions were
only carried out for discharge rates of C/10, C/2, and 1C.
Comparing the NCA/graphite simulation results, a similar trend
can be observed. With rising discharge C-rates, the temperature
deviation also becomes higher. However, the maximum deviation is
lower, e.g., 1.7 K for the 3C discharge, because the NCA/graphite
pouch cells exhibited a less pronounced temperature increase,
making the measured coin cell heat generation more comparable
to the one in the larger pouch cells. In the C/10 discharge simulation,
the cell temperature decreases from a starting temperature of 26.5 °C
down to 25 °C while the measured temperature stayed almost
constant. This discrepancy with a maximum deviation of 1.5 K can
be explained with possible inhomogeneous thermal conditions
during the experiment. In the simulation model, the temperatures
of the cell and the adjacent aluminum blocks were set to the same
value, while the experimental temperature conditions may have been
different between the pouch cell and the cell holder. The C/10
discharge of the pouch cells was carried out directly after a C/10
CCCV charging operation with no pause in between, resulting in
inhomogeneous thermal starting conditions. The aim of the fol-
lowing simulation studies with the homogenized thermal 3D model
was a qualitative assessment of maximum temperatures that occur in
larger cell formats, so a deviation below 2 K was considered as
acceptable.
The cell holder of the pouch cells consisted of two aluminum
blocks, which represent an additional heat sink for the generated heat
in the cell. Waldmann et al.73 experimentally investigated the
temperatures and temperature gradients of different pouch and
cylindric lithium-ion cells and, among other things, used an
aluminum block with an 18 mm hole including mounted dissipaters
and fans for cooling of an 18 650 cylindric cell. With this setup, they
could drastically reduce the cell temperature during operation. Even
if the aluminum blocks of the pouch cell holder were not actively
cooled, the cell temperatures without this additional heat sink would
certainly be higher.
Convective cooling.—In our first study, thermal simulations with
convective cooling boundary conditions for the cell formats listed
in Table IV were carried out. In contrast to the preceding model
validation, no cell holder or respective aluminum blocks were
added to the model. Only the jelly roll or electrode stack and the
corresponding cell case were modeled, and the whole surface of the
housing was exposed to a convective heat flow. In this way, a
general comparison between all cell formats was possible, inde-
pendent of the cooling conditions of a specific application.
Furthermore, the heat generation was scaled via the total electrode
area of the cathode that fits into each cell format, not via the
amount of active material. The maximum temperatures of the cell
formats for discharge C-rates of C/10, C/2, and 1C are displayed in
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Fig. 7. The filled symbols indicate the LMR-NCM/graphite cells,
while the open symbols indicate the NCA/graphite cells. As the
cells were uniformly cooled via the whole surface of the case, the
maximum temperatures occurred in the core of the jelly roll or
electrode stack.
In Fig. 7a, a natural convection of 5 Wm−2 K−1 on the surface of
the cells was simulated, meaning that the cells were not actively
cooled during operation; the heat is passively dissipated from the cell
surface to the surrounding air. If cells are cooled via their surface,
the decisive parameter is the surface to volume (S/V) ratio, as listed
in Table IV. The higher the S/V ratio for a constant cell volume, the
more cooling surface is available and the lower the cell temperatures
become. For the pouch and prismatic cell formats, the HEV cells
have the highest S/V ratio and the BEV cells the lowest ratio, with
the PHEV cells somewhere in between, resulting in maximum
temperatures T T Tmax,HEV max,PHEV max,BEV< < for convective
cooling. The S/V ratio of cylindrical cells decreases with increasing
cell diameter, hence T T Tmax,18650 max,21700 max,26650< < . The nom-
inal cell capacity plays a minor role, e.g., during a 1C discharge
under natural convection (5 W m−2 K−1), the maximum tempera-
tures of the cylindric 26 650 LMR-NCM/graphite cell with 5.5 Ah
are similar to the PHEV2 LMR-NCM/graphite pouch cell with
66 Ah.
For a C/10 discharge, with a heat transfer coefficient of
5 W m−2 K−1 in Fig. 7a, all LMR-NCM/graphite cells reach
temperatures above 31 °C up to 42 °C, while the NCA/graphite
cells only heat up to 28 °C. For the C/2 and 1C discharges, the
temperatures of the LMR-NCM/graphite cells drastically increase,
most cell formats reaching critical temperatures above 60 °C,
whereas the NCA/graphite cell temperatures stay below 50 °C.
The thermal model was not validated for the simulated cell formats,
but the differentiation of the maximum temperatures between the
LMR-NCM/graphite and the NCA/graphite cells becomes obvious.
In the study of Waldmann et al.,73 a commercial 18 650 high
energy NCA/graphite cell with 3.25 Ah reached temperatures
between 32 –43 °C for discharges with C/10, C/2, and 1C at an
ambient temperature of 25 °C, which is about the temperature range
of our simulations for cylindric NCA/graphite cells. Furthermore,
they stated, that the maximum cell temperatures depend linearly on
the discharge C-rate for a full discharge.73 A rescaling of the x-axis
in Fig. 7 shows, that the temperature correlation for the three
investigated discharge C-rates is not perfectly linear, however, with
Figure 6. Comparison of the measured temperatures on the surface of the pouch cells within the cell holders during the discharge rate capability test with the
simulated surface temperatures of the pouch cells of the thermal validation model. The crosses mark the time when the current was switched off during the
simulation. For each C-rate, the maximum deviation Tdev,max∣ ∣D is indicated with the black arrow.
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this assumption, one could still estimate the maximum temperatures
that are reached with higher C-rates for a given cell format.
In this work, the NCA/graphite cells were used as a state-of-the-
art reference, but the focus is on the thermal behavior of the LMR-
NCM/graphite cells, so in the following studies, only the latter are
further analyzed. If a higher surface cooling is assumed, as
10 Wm−2 K−1 seen in Fig. 7b, 20 Wm−2 K−1 in Fig. 7c, and
50 Wm−2 K−1 in Fig. 7d, the pouch (red area) and cylindric (green
area) LMR-NCM/graphite cell formats can be kept within acceptable
temperature ranges. The prismatic cells show quite a diverging
behavior and four sub-groups with a similar S/V ratio can be
identified. The first group consists of the HEV1 (15 Ah) and HEV2
(14 Ah) cells that are comparatively thin with a thickness of
12.5 mm and 12.1 mm and a S/V ratio of 2.6 m−1 and 2.7 m−1,
respectively. The PHEV1 cell with a nominal capacity of 41 Ah, a
thickness of 21 mm, and a S/V ratio of 1.6 m−1 forms the second
group. The third group consists of the PHEV2 (48 Ah, 26.5 mm,
1.3 m−1), the BEV1 (90 Ah, 32 mm, 1.1 m−1), and the BEV3
(98 Ah, 32 mm, 1.0 m−1) cells. The BEV2 (127 Ah, 45 mm,
0.8 m−1) and BEV4 (139 Ah, 45 mm, 0.8 m−1) cells form the fourth
group. Even with a heat transfer coefficient of 50 Wm−2 K−1, the
thick BEV2 and BEV4 formats reach maximum temperatures around
68 °C for a 1C discharge.
Within this first simulation study it became clear that the cell
format plays a crucial role for the temperature evolution of
large-format LMR-NCM/graphite cells. Without any active cooling,
either the discharge should be limited to C-rates lower than C/2, or
thinner cell formats with a comparatively high S/V ratio and a low
nominal capacity like the prismatic HEV1/HEV2 or the cylindric
18 650 are favorable. By using an active cooling system, larger cell
formats and higher discharge C-rates are possible, however very
thick cells with a high capacity like the BEV2 and BEV4 cells
cannot be sufficiently convectively cooled via their surface74 and
reach critical temperatures. Therefore, in the next section, a more
adapted cooling strategy for prismatic cells is described.
Base plate cooling.—In our second study, a bottom plate cooling
of prismatic cell formats was simulated. Large-format prismatic cells
are used by car manufacturers in EVs to reach high energy densities
and sufficient driving ranges. An active thermal management of the
battery pack is often realized via cooled plates that are mounted
underneath the cells. Therefore, the bottom of the prismatic cell case
was kept at a constant temperature of 20 °C during the simulations.
To have homogeneous starting conditions, the cell temperature was
also set to 20 °C. The simulation results for a 1C discharge of four
different prismatic LMR-NCM/graphite cells are shown in Fig. 8. In
the previous convective simulations, four sub-groups of prismatic
cells were identified based on their different thermal behavior. For
this study, one representative of each group, namely the HEV2,
PHEV1, BEV1, and BEV2 cell formats were chosen.
Figure 7. Simulated maximum temperatures of LMR-NCM/graphite and NCA/graphite chemistries in different cell formats (stated in Table IV) during or after
discharge processes with a convective surface cooling scenario of (a) h 5 W m Kconv 2 1= - - , (b) 10 W m−2 K−1, (c) 20 W m−2 K−1, and (d) 50 W m−2 K−1. In
(b), (c), and (d) only the LMR-NCM/graphite cells are shown, and the colored areas indicate the temperature range of the respective cell format. The starting
temperature of the cells as well as the ambient temperature were set to 25 °C.
Journal of The Electrochemical Society, 2021 168 053505
In Fig. 8a, the maximum temperatures of the four cell formats
within the jelly roll during the 1C discharge and the 30 min pause
afterwards are shown. Particularly at the end of discharge, the
temperatures drastically rise, as the heat generation of the LMR-
NCM/graphite cells increases rapidly, as seen in Fig. 5. Because of the
time-delayed measurement of the heat generation, the maximum
temperatures occurred after the end of discharge. In Fig. 8b, the
temperature spread within the jelly roll is displayed. The higher this
temperature spread is within the cell, the more inhomogeneities there
will be. This results in uneven internal resistances, loads, and SOCs
during cycling and most likely also a different aging behavior.73,75
Furthermore, usually there are no internal temperature sensors in the
cells, so with high temperature gradients, a battery management system
has more difficulties to track or estimate the hottest temperature within
the cell to prevent safety critical conditions. For all these reason, if
possible, the temperature spread within a cell should be kept minimal.
In Figs. 8c–8f, 3D temperature distributions of the four cell
formats are plotted at the exact time, when the maximum jelly roll
temperature was reached (i.e., at the time of the maximum in
Fig. 8a). In the simulations of the base plate cooling of prismatic
cells, the coldest temperature was always at the bottom of the cell, as
this is where the cooling plate was attached. On the other hand, the
hottest temperature was at the top of the cell, as this is the furthest
away from the cooling side, and the top and side areas were
thermally insulated, derived by the neighboring cells in a module
and the electrical connection on the top.
With the base plate cooling strategy, the four cell formats still
exhibit distinct differences in their thermal behavior, the maximum
temperatures are around 10 °C higher for the next larger cell. If full
discharge cycles are necessary, the HEV2 (representing also HEV1)
and PHEV1 cell formats are advantageous, as their maximum
temperatures stay below 43 °C. The BEV2 cell reaches 74 °C at its
hottest spot, however, if the 1C discharge would be stopped after
e.g., 80% of the time, the maximum temperature would be much
lower. For our simulations, the cooling plate was kept at a constant
temperature of 20 °C. With a better thermal management system and
a higher cooling power, this temperature could be lowered, yet the
temperature spread within the cell would also increase.73,75 There is
a spread of more than 30 °C within the BEV2 cell already, so this
strategy might not be helpful.
A tab cooling system could provide a better and more homo-
geneous cooling, especially for pouch cells.74 Thus, not only the
Figure 8. Simulated temperatures during a 1C discharge and the 30 min pause afterwards with a base plate cooling scenario of prismatic LMR-NCM/graphite
cells. (a) Maximum temperature and (b) temperature spread (Tmax - Tmin) within the jelly roll. The 3D plots show the temperatures of the cell formats (c) HEV2,
(d) PHEV1, (e) BEV1, and (f) BEV2 at the time, when the maximum cell temperature was reached. The starting temperature of the cells as well as the constant
temperature of the base plate were set to 20 °C.
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cooling strategy has to be adapted to the cell format, but also the
load profile of the corresponding application. A dynamic load profile
around a mean SOC could result in a quite different temperature
evolution. In summary, an application defines the specific require-
ments of the preferred cell format and the design of the corre-
sponding thermal management system.
Conclusions
In this work, the heat generation of LMR-NCM/graphite cells
was investigated. The LMR-NCM cathode active material comes
with a pronounced difference between charge and discharge voltage
during operation, caused by overpotentials and an OCV hysteresis.
This voltage difference results in an energy inefficiency that is
released as waste heat and causes a strong heat generation. As a
reference, an established NCA/graphite material combination was
chosen. So far, LMR-NCM was predominantly studied in small
laboratory-scale cells where the heat generation is negligible.
However, in large-format LMR-NCM/graphite cells, critical tem-
peratures above 60 °C can easily be reached. In order to qualitatively
assess the thermal behavior of large-format cells, the heat generation
of LMR-NCM/graphite and NCA/graphite coin cells was measured
in a heat flow calorimeter, scaled to various standardized cell
formats via their electrode area, and used as an input parameter
for homogenized 3D thermal models.
The calorimetric measurements showed, that during charging
operations, the LMR-NCM/graphite cells generate more than double
the heat than comparable NCA/graphite cells. During discharge
operations, the LMR-NCM/graphite cells released even more heat,
making it four times more than the NCA/graphite cells. The coin
cells used for the calorimetry stayed quasi-isothermal during these
measurements, whereas larger cells heat up during operation. The
model validation with measurement data from reference 6–7 Ah
pouch cells showed, that for the LMR-NCM/graphite cells, the
upscaling of the heat generation is only valid up to 1C, as higher cell
temperatures resulted in a promoted electrochemical behavior that is
not accounted for in this process. For the same C-rate, the LMR-
NCM/graphite cells generate more heat during discharge operations
than charge operations. Therefore, only the thermal behavior during
discharge operations was further investigated in two simulation
studies.
In our first simulation study, a convective cooling scenario for
standardized prismatic, pouch, and cylindric cell formats for
discharge rates of C/10, C/2, and 1C was analyzed. With only
passive cooling, i.e., natural convection on the surface of the cells,
either the discharge current has to be limited to C-rates lower than
C/2, or thin cell formats with a high surface to volume ratio and
comparatively low nominal capacity are favorable. Good examples
are the prismatic HEV1 and HEV2 cells as well as the cylindric
18650 cell. By using an active convective cooling strategy, more
heat can be dissipated and most cell formats show acceptable
temperature ranges. Exceptions are posed by thick prismatic cell
formats, e.g., the BEV2 and BEV4 cells, that cannot be sufficiently
cooled via convection. Even with a forced convection, simulated
with a heat transfer coefficient of 50 Wm−2 K−1, maximum
temperatures of these two cell formats of around 68 °C were reached
for a 1C discharge.
In our second study, a base plate cooling of four prismatic cell
formats during a 1C discharge was simulated. This cooling strategy
is more adapted to automotive prismatic cell formats as often used in
EVs. With this base plate cooling, the HEV1, HEV2, and PHEV1
cell formats were advantageous, as the cell temperatures remained
below 43 °C. The thicker prismatic cells reached higher tempera-
tures between 58 °C–74 °C, accompanied by an unfavorable tem-
perature spread within the jelly roll of more than 32 °C from the
coldest spot on the bottom to the hottest spot on the top. In the
simulations, only full discharge cycles were considered, whereas
with partial discharges or dynamic load profiles around a mean SOC,
the thermal behavior of the cells would certainly be different.
To summarize, the thermal behavior of cells containing LMR-
NCM should be accounted for. Especially larger cell formats and
higher charge/discharge currents can result in undesired cell
temperatures. This heat generation is mainly caused by the voltage
difference between charge and discharge of LMR-NCM, so the
thermal behavior of materials with a similarly lower voltage
efficiency should also be carefully investigated. Silicon, for ex-
ample, exhibits a pronounced voltage difference of ≈300 mV
between charge and discharge even at low currents.76 The aim of
our work was to highlight the general implications of the heat
generation caused by an active material like LMR-NCM with a low
voltage efficiency on the thermal behavior of different cell formats.
For a specific application, including its corresponding load profile,
an optimal cell design and operating strategy for the thermal
management system could be derived.
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Appendix
In the results section in Fig. 5, the heat generation of one LMR-
NCM/graphite and one NCA/graphite coin cell was shown. In order
to validate that these cells provide meaningful values, the heat
generation of a second coin cell of each type was measured in the
calorimeter. In Fig. A·1, the comparison of the heat generation for
two cells each during charge and discharge was plotted for the C-
rates C/10, C/2, and 1C. The heat generation rates of the two LMR-
NCM/graphite cells are in excellent agreement, the two NCA/
graphite cells differ slightly. Therefore, the higher heat generation
of cell N1 was chosen for the simulations.
The input parameters of the homogenized jelly roll/electrode
stack for the thermal model were calculated based on the material
properties of multilayer LMR-NCM/graphite pouch cells.24,27 The
Table A·I. Calculation of the thermal modeling parameters of the homogenized jelly roll/electrode stack based on multilayer LMR-NCM/graphite
pouch cells.24,27 The material properties were taken from data sheets and literature.14,31,51
CCneg Coatingneg Separator Coatingpos CCpos
Parameter Unit Cu graphite PP LMR-NCM Al Electrolyte
l μm 12 64 25 55 15
porosity % 30 55 42
ρ kg m−3 8920 2208 980 3960 2698 1289
cp J kg
−1 K−1 385 867 1978 840 903 2055
k Wm−1 K−1 398 1.04 0.33 1.58 238 0.6
Note. CC—current collector, PP—polypropylene.
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following equations calculate the total density totr , the heat capacity
cp,tot, the through-plane thermal conductivity k̂ , and the in-plane
thermal conductivity k based on the respective layer thicknesses
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